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Abstract
Computer simulations have been in use for decades in the modeling of hypervelocity impacts and
general large deformation problems. Several computer codes have been developed to simulate this type
of problems under a variety of geometric configurations and for any number of materials. These codes
make use of several constitutive material models to simulate the response of the material under a variety
of thermo-mechanical conditions. The Johnson-Cook constitutive model is widely used in the simulation
hypervelocity impacts for the simulation of crater formation and even perforation of target structures.
This thesis presents the results of a sensitivity study of this plasticity model and the effects on the
cratering process by the perturbation of its material constants. In this study, a silica particle is simulated
in the CTH hydrocode to impact aluminum and steel plates for characterization of the damage under the
influence of ± 20% variation of the material parameters of the Johnson-Cook model. The study is
performed under 3 different impact velocities, at 4, 6, and 10 km/s. The sensitivity study includes the
initial yield stress, strain hardening, and strain-rate hardening constants, as well as the thermal softening
exponent.
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Chapter 1: Introduction
1.1

Introduction to the Problem
Impacts at hypervelocity such as in ballistics or micrometeoroid collision with orbiting spacecraft

can produce a large spectrum of damage characteristics. Whether military, aerospace, or weapons
industries, it is important to be able to predict the damage produced by a hypervelocity impacts. Ranging
from soldier’s bulletproof vests to aircraft and space vehicle design it is essential to understand and
assess the consequences of impacts under different impact speeds, varied material properties and
geometric configurations. The cratering process has been studied for decades and a large number of
empirical and numerical models have been developed to approximate crater geometries. Due to limited
experimental laboratory capabilities, hypervelocity impacts cannot be experimentally studied if the
impact speed is above approximately 8km/s for non-metallic particles of relevant size. Computer
simulations provide the capability of approximating the deformations caused by hypervelocity impacts at
speeds well above experimental capabilities and for any combination of material properties and
geometric configurations. The accuracy of the numerical models depends greatly on how well the
constitutive models predict the thermo-mechanical response of the materials. One of the constitutive
models very often used to study the cratering process is the Johnson-Cook (JC) model. This model
predicts the location of the yield surface as a function of strain, strain rate and temperature. The purpose
of this thesis is to perform a sensitivity analysis in the Johnson-Cook model and find which of the
material parameters affects the most the crater dimensions. A recommendation and conclusion will be
made so that users of this mode can allocate their resources to the experimental estimation of the major
contributor material parameters.

1

1.2

Literature Review

1.2.1

Plasticity Models
S. Dey et. al. (2007) presented a comparison between Johnson-Cook (JC) and Zerilli-Armstrong

(ZA) models through the use of LS-DYNA and their correlation to experimental data. It was concluded
that for practical applications, the Johnson-Cook constitutive relation seems to be a good choice and
excellent agreement with the experimental results of projectile impact on steel plates.
G.T. Grey III et. al. (1994) subjected several metals to split Hopkinson bar loading at Los
Alamos National Laboratories, to determine the stress-strain relationship at different strain rates and
temperatures. The results were fitted to the JC or the ZA.
Johnson et. al. (1983) developed a model suitable for metals under high temperature, high strainrates, and large strains that follow closely to Hopkinson bar experiments for many metals subjected to
test. It correlated well to metal behavior, and has been adopted broadly for modeling in impact testing.

1.2.2

Hydro-code Applications and Modeling
Sharma (2008) presented a comparative study of Eulerian and Lagrangean codes to experimental

results for a hypervelocity impact problem by using LS-DYNA and Autodyn software. This study
concluded that both of the hydro-codes approximate the physical crater diameter and penetration very
closely, but Eulerian codes provide a better approximation of the damage.
Pierazzo (2006) reviewed the theory behind hydro-codes and described how the impact theory
was implemented in computer codes. The advantages of use, modeling procedures, and limitations of
hydro-codes are some of the subjects discussed in his paper.
Hamouda (1996) outlines the similarities and differences of commercially available hydrocodes.
Two examples of impacts and penetration were presented to illustrate the capability of these codes. He
concluded that finite element methods have become the numerical tool of choice to model impact and
penetration events.
Harrison (1995) presented a comparative study between hydro-code and experimental results in
aluminum plates. He investigated the sensitivity of thermal softening constant and strain hardening
2

constant in the Steinberg-Cochran-Guinan strength model under hypervelocity impact conditions. He
concluded that hydro-codes under predict the penetration and crater diameter at higher velocities.
Without the strain hardening contribution, the crater penetration and diameter are reduced in up to 12%
of experimental values. Without the thermal softening contribution the crater diameter was found to be
increased by no more than 3% of experimental values.

1.3

Objective
The results presented on this thesis show the importance of the Johnson-Cook plasticity model

constants and their sensitivity, in terms of crater radius and penetration. Values of the initial yield stress,
strain hardening, strain-rate hardening, and thermal softening constants are varied to study their
sensitivity. The results presented seek to provide users of the JC model with recommendations to
focusing experimental resources in the estimation of the most relevant material parameters.

3

Chapter 2: Mechanics of the Problem
2.1

Fundamentals of Continuum Mechanics
Conservation of Mass, Energy and Momentum, often called balance laws are considered to be

material independent governing equations, and they must apply regardless of the material being studied.
The material dependent governing equations also referred as constitutive relations or material laws, are
needed as well as some Kinematic equations to solve a continuum mechanics problem. These equations
may be formulated in both Lagrangean (material) and Eulerian (spatial) description.

2.1.1

Lagrangean and Eulerian Configuration
The development of the equations that govern the thermo-mechanical process can be done using

either the material or spatial configurations. The selection of the configuration is arbitrary but largely
depends on the expected magnitude of deformation.

Lagrangean Description
This description is also called referential or material description. In this configuration, the spatial
independent variable in the governing equations is the location (coordinates) of the material particles in
their un-deformed state. In numerical simulations, this configuration is characterized by a mesh that
moves and deforms following the movement of material particles, an example can be found in figure 2.1.

Eulerian Description
This description is also called spatial description. In this configuration, the spatial independent
variable in the governing equations is the location of the material particles in their current deformed
state. The focus of this reference frame is about an infinitesimal control volume in space and where
many particles can occupy this volume at different time. In figure 2.1, we can observe how the mesh grid
is fixed in space and does not deform, therefore quantifying the material deformation on the material
flow through the mesh’s cell.
4

Figure 2.1 Lagrangean and Eulerian Descriptions [1]

It can be noted that with the use of Lagrangean description the deformation and motion of the
material can be seen by measuring the displacement of a reference point (nodes), whereas the Eulerian
description the deformation and motion will be about the material fluxes through the reference control
volume. It is common to use Eulerian description for fluid dynamics since it deals with fluxes through
the infinitesimal cells.

2.1.2

Balance Laws
Conservation of mass, linear and angular momentum, and energy represent the balance laws in

continuum mechanics and defined respectively in the following equations [5]. These equations are
represented in a spatial description.
Conservation of Mass
(2.1)
Conservation of Linear Momentum
(2.2)
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Conservation of Angular Momentum
(2.3)
Conservation of Energy
(2.4)
where v is the velocity vector, T is the stress tensor and D the rate of deformation tensor. The density is
represented by ρ, b the body force per unit mass, q the heat conduction vector, and h the heat source per
unit mass. The superscript “T” in the angular momentum equation means the transpose of the vector, and
the bold characters represent tensors. Due to the high strain rates experienced during the hyper-velocity
impact event, the deformation process takes place in a time scale that is significantly smaller than the
one in heat conduction. Therefore, in most hydro-codes, the thermo-mechanical deformation process is
considered to be an adiabatic process.

2.2

Rankine-Hugoniot Equations

2.2.1

Fundamentals on Shockwave Propagation
Shockwaves are generated amplitude waves that propagate through a material at sonic speed

when being dynamically loaded. Across the shockwave the thermodynamic state changes abruptly
giving a pronounced rise in pressure, density and temperature referred frequently as “jump conditions”.
To be able to quantify the change in state caused by the shock front, they need to be evaluated before
and after the perturbation of the shockwave by the use of the balance laws since these are conserved
across the shock discontinuity. By using the Riemann problem, the Rankine-Hugoniot equations can be
derived.
The Riemann problem assumes a planar movement of the shock front across a cross-sectional
area where the pressure, density, energy and sound speeds are thermodynamic states for the shocked and
unshocked conditions. The main assumption of the Riemann problem is that any properties ahead of the
shock front are at rest and constant, meaning that their state is not perturbed until the shock transition.

6

Figure 2.2 Riemann Shock Problem

In figure 2.2[2] and for the rest of the section, the subscript “0” identifies the pre-shock
condition, while subscript “1” identifies the post-shock condition. The Riemann problems yield the
following equations, also known as the Rankine-Hugoniot equations:
(2.5)
(2.6)
(2.7)
These equations can be combined to eliminate the velocities, yielding the Rankine-Hugoniot
equation for internal energy jump in terms of pressures and specific volumes [2].

(2.8)
where energy is represented as (e), pressure (p), density (ρ), velocity of the shock front (vs), and the
velocity of the accelerated medium (v1).
This equation can be represented in a p-V diagram as the Hugoniot curve. The Hugoniot curve
can be found by the use of the Rankine-Hugoniot equations and a known Equation-of-state (EOS), or a
known shockwave relation. For most metals, the shockwave relations (vs-v1,) can be represented by a
linear equation stated next.
(2.9)
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where S is the slope of the linear equation, c0 is the speed of sound of the material. Using the RankineHugoniot equations and equation 2.9, the Hugoniot curve can be derived as the next relationship often
called the Hugoniot pressure equation,

𝑃1 − 𝑃𝑠 =

𝜌 𝑠 𝑐0 Ψ
1−𝑠Ψ 2

(2.10)

where P1 is the Hugoniot pressure above the zero reference pressure, Ps is the pressure ahead of the
shock above the zero reference pressure,Ψ , is the volume strain defined with equation 2.11 [5].

Ψ=1−
2.3

ρs
ρ

(2.11)

Equations-Of-State (EOS)
An equation-of-state relates the thermodynamic properties pressure and energy of a material to

its density and temperature. When treating hypervelocity impacts, high pressures and temperatures can
occur, leading to possible phase changes depending on the material properties. At our maximum
modeled speed 10 km/s a phase change is expected to occur. Literature shows that around 8 km/s shock
pressures of 180 GPa are reached and aluminum experiences melting at pressures around 120 GPa [10].
To model these phase changes, a nonlinear EOS must be used. In this section two of the most used
nonlinear EOS in shock-physics computer software is reviewed.

2.3.1

SESAME EOS
The SESAME Data table was developed at Los Alamos National Laboratories and provides

pressure-density relations and for energy-density relations for a large number of materials. This tabular
EOS can be found almost in every hydro-code such as CTH, EPIC, LS-DYNA and AUTODYN among
others. This is an experimental EOS database that provides users p-V relations and shockwave relations
(vs-v1) in a tabular form.

8

2.3.2

Mie-Gruneisen EOS
The Mie-Gruneisen EOS is considered to be an analytical EOS. The development of this EOS

makes use of the Rankine-Hugoniot equations and the vs-v1 relationship previously shown in equations
2.5 through 2.9. This EOS is restricted only to materials that will not be experiencing a phase change
during the impact. The Mie-Gruneisen equation can be written as follows

(2.12)

where E(Ψ,T) is the internal energy per unit mass, γ(Ψ) the Gruneisen coefficient, and Ψ the volume
strain previously defined,

2.4

Constitutive Relations

2.4.1

Plasticity Theory
The plasticity theory describes the material behavior under irreversibly deformation. The yield

criterion defines the point at which plastic deformation begins to occur under an increasing stress. A
yield function can be defined in terms of the invariants of the stress tensor by setting it equal to zero at
the yield surface. For any value less than zero, the material is considered to be behaving in the elastic
range. Equation 2.13 describes the yield surface.
(2.13)
Where the first invariant (I1) is the contribution to yielding by the hydrostatic pressure. Even
under high-pressures, metals are considered to be plastically incompressible and therefore the first
invariant usually is ignored; for other pressure dependent materials, the first invariant must be included.
Since this thesis is focused specifically to metals, the following yield functions are not dependent on the
first invariant. With this condition, two principal pressure independent yield criterions can arise:

9

The Von-Mises Yield Criterion
The Von-Mises Yield Criterion assumes that also the third invariant has no relevant contribution
to yielding. This criterion bases the yield function only on the second invariant of stress. This yield
criterion is represented as a cylinder on the principal stress plane as depicted in figure 2.3. The VonMises yield function is defined in equation 2.10.
(2.14)
where I2 represents the second invariant of stress and the variable k depends upon the strain history for a
work hardening material.

The Tresca Yield Criterion
The Tresca Yield criterion does not ignore the third stress invariant, and the main assumption is
that yielding will begin when the maximum shear stress reaches its critical value. The Tresca yield
surface can be visualized in figure 2.3 as an extended hexagon. The Tresca yield function is defined as
(2.15)
where k represents the work hardening history of the material and τ the shear stress.

Figure 2.3 Von-Mises and Tresca Yield Criteria [3]

The irreversible deformation starts when the yield point has been reached. After this point, the
material experiences the initiation of plastic flow. The path that follows the deformation process may
10

vary depending on the properties of the material such in strain hardening and strain softening and also at
what rate is the deformation occurring. There are many plasticity models that describe this process.

2.4.2

Plasticity Models
There are many available models included in the hydro-code packages for ductile materials. The

most used strain-rate dependent plasticity models are Johnson-Cook, Zerilli-Armstrong, and SteinbergCochran-Guinan Models. These models with exception of the Johnson-Cook model will not be detailed
in the following section; they are mention merely as important background on the subject as the existing
models available for modeling of ductile materials under shock deformation.

Johnson-Cook Plasticity Model
The Johnson-Cook model was developed in 1983 to provide a relationship of yield to metals at
high strain rates, high strain, and high temperatures. The Johnson-Cook strength model relates to
temperature, strain and strain-rate, as the following relationship [4]
(2.16)
where A, B, C, n and m are material constants. ϵp is the plastic strain, ϵp* is the equivalent plastic strainrate. Most of the constants can be obtained by a quasi-static tension test at constant strain rates.
TH is the homologous temperature defined by the following relation.

(2.17)
where TA (usually room temperature) is the reference temperature and TM the melting temperature. This
visco-plastic model defines the variable yield stress point to the Von-Mises yield criteria. As mentioned
earlier, the second invariant of stress defines the yield function, where the yield function is obtained
from the Johnson-Cook plasticity model. Since this model is considered to be an empirical model,
extrapolation of values must be done with care since this model can obtain not logical physical results at
high strain rates above (104 s-1). It would make sense that the Zerilli-Armstrong should be chosen over
Johnson-Cook model since it is based in dislocation mechanics, but since the acquisition of constants for
11

the Zerilli-Armstrong model are so complex to obtain, the Johnson-Cook model is often preferred
because of the simplicity of implementation and acquirement of the model constants.

12

Chapter 3: Numerical Tools
3.1

Background
A hydro-code is a numerical tool that can simulate an impact under a variety of conditions. It

approximates the material response to the dynamic loading by numerically solving the balance equations
of mass, energy, and momentum, and the constitutive and equations of state. When the dynamic
problem exceeds the capability of laboratory experiments, or the conditions are too difficult to physically
reproduce, numerical methods such as hydro-code simulations become very useful to approximate the
actual physical behavior. The addition of sophisticated constitutive models and the requirement for high
resolution imposed on hydro-codes with the objective of improving the fidelity of the predicted behavior
has increased greatly the computer requirements. A supercomputer is essential to reduce the time of
simulation by using parallel computing methods or simply a higher memory capability. Certainly hydrocodes have triggered major developments in computing technologies to reduce duration of simulation
time as well as affordability. As the availability of faster, better computing technologies arise; hydrocodes are becoming more accessible.

3.2

Numerical Algorithm
Hydro-codes approximate the solution of the governing equations using a leapfrog method that is

typical of all numerical algorithms. First, a spatial mesh is defined and initial conditions are set. The
magnitude of the time step is automatically calculated based on the sound speed and the characteristic
size of the smallest element in the mesh. The time step must not be too large, so the integration process
does not overshoot any important behavior of the material response. The limit must not be too small if
simulation duration time is needed to be kept reasonable. Conservation equations, equation-of-state and
constitutive relations, need to be incorporated and solved simultaneously. The results are integrated to
calculate the newest position in time and be set as the new initial boundary conditions for the new timestep to be evaluated. This iterative process is repeated until the problem is solved to the final time
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defined by the user. In figure 3.1, typical solution steps used for many of the hydro-codes are shown [8].

Figure 3.1 Solution Approximation by Hydrocodes [8]

3.2.1

Errors in Numerical Algorithms
It is important to note that hydro-codes are merely an approximation tool and consequently some

errors are expected. Round-off errors occur because the software rounds the numbers after each
calculation. Since the hydro-codes explicitly integrate over time, the round of error increases as the
simulation progresses. This type of error depends on the particular algorithm used by the software being
utilized and the user has little control on it. Cut-off errors are the errors related to the size of the mesh. If
the deformations or displacements are too big compared to the element size, the hydro-code can compute
an unrealistic response. These types of errors can be kept to a small magnitude with the use of
appropriate time integration algorithms and appropriate mesh size.
14

Another type of error is the

associated with the fact that the equations of state and the constitutive relationships are only
approximations to the true material behavior.

These equations and their parameters are normally

obtained through experimental tests and their accuracy is better if the simulation conditions fall within
the experimental range.

3.3

CTH
The hydro-code CTH was developed by Sandia National Laboratories to solve shock-physics

problems in the 1980’s and then started distributing licenses to the Department of Defense (DoD),
Department of Energy (DoE), and US private companies in the 1990’s [7]. The CTH software can
closely represent problems involving penetration, perforation, hypervelocity impact, explosives, among
others. CTH solves the conservation equations by using an Eulerian grid which the user can define and
manipulate as needed. As mentioned in chapter 2, Eulerian codes use a spatial-fixed mesh, CTH
incorporates an intermediate Lagrangean time step which fixes a grid to move following the motion of
the materials. After this Lagrangean step, the values of energy, stresses, temperature, pressure, and other
variables are “remeshed” back to the original grid. This Lagrangean and remeshing step is repeated until
the defined stop time is reached, saving the interested values at each time step for post-processing.

3.3.1

Adaptive-Mesh-Refinement (AMR)
AMR is a powerful tool for CTH users, which allows for the automatic refinement of mesh cells.

This algorithm partitions or merges the cells wherever is desired to automatically control the fidelity of
the simulation. The user can control when should the refinement (split into smaller cells) and
unrefinement (merge with other cells) occur. To do this, the user specifies the number of “level-0”
(lowest mesh resolution) blocks to subdivide the spatial domain, and sets the desired level of refinement
at which the blocks are preferred. AMR automatically unrefines the mesh where there is no considerable
motion, and triggers refinement where motion is of critical importance. The refinement level can be
adjusted for an improved fine-scale grid up to 10 subdivisions of a “Level-0” block. It must be recalled
that the computer being used will limit the extent of the problem and resolution by available memory,
15

time, and processing capability. Allocating a very fine-scale grid will require an excessive use of
memory and time. By using AMR, run-time and memory usage can be decreased considerably. In figure
3.2, it can be seen how the cells are refined on the material interfaces and where material motion is
taking place, and how the “Level-0” blocks are divided into smaller cells [7].

Figure 3.2 AMR sample of refinement [7]

3.3.2

Spymaster Post-Processing Tool (SPY)
Spymaster (SPY) was added to CTH as the post-processor, performing automatic image

generation replacing old commands embedded in CTH. SPY is a post-processor that generates images
after every time step if set to “On-The-Run” post-processing. The user can set which parameters to be
graphed, how to be displayed, and how often to be presented. The plots can range from a simple line
graph to a complex 3D color contoured plot. SPY was designed to operate simultaneously in parallel
processors to produce images more rapidly [6].

3.3

Selected Hardware and Software
An 8-processor Dell Workstation was used, each processor with 4 cores. To perform the

simulations, CTH was installed on the workstation to run in parallel to accelerate the simulation run16

time. CTH has proven to be a good Eulerian shock-physics code to represent the physical behavior under
hypervelocity impact and was used in the work presented in this thesis. The Adaptive-Mesh-Refinement
(AMR) was used to provide a better control on resolution of the problem, and reduce simulation time.
Spymaster (SPY) post-processor was preferred over CTHPLOT (manual image generation postprocessor) included in CTH, because of the capability of using parallel-processing to produce the
simulation images.

17

Chapter 4: Numerical Simulations
4.1

Methodology
A sensitivity analysis was conducted to study the Johnson-Cook plasticity model in the

simulation of the cratering process under hypervelocity impact of a spherical particle onto a semi-infinite
plate. The values for the strain hardening (B), strain-rate hardening (C), thermal softening exponent (m)
and initial yield stress (A) of the Johnson-Cook model were perturbed to values above and below the
tabulated values to determine their effect on the crater formation process. Since the velocity of impact
plays a significant role on the crater radius and penetration damage, simulations were run for different
impact speeds.

4.2

Simulations Matrix
The materials chosen for the semi-infinite plates were aluminum and steel to cover a wide range

of material properties. The impacting particle selected was a 0.002 cm radius silica sphere. The impact
speeds selected for simulation were 4 km/s, 6 km/s, and 10 km/s. The following table shows the values
of the Johnson-Cook material parameters used in the simulations including a 20 percent perturbation.
Table 4.1 Material parameters for Aluminum and Steel plates

+ 20% Offset
0% Offset

A
3.17952E+09
2.64960E+09

Aluminum Constant Values
B
C
5.11704E+09
1.80000E-02
4.26420E+09
1.50000E-02

m
1.20000E+00
1.00000E+00

- 20% Offset

2.11968E+09

3.41136E+09

1.20000E-02

8.00000E-01

+ 20% Offset
0% Offset

A
9.51372E+09
7.92810E+09

Steel Constant Values
B
C
6.11892E+09
1.68000E-02
5.09910E+09
1.40000E-02

m
1.23600E+00
1.03000E+00

- 20% Offset

6.34248E+09

4.07928E+09

8.24000E-01

18

1.12000E-02

4.3

Simulations Setup
The multi-processor version of CTH software was installed in a Linux Workstation, to be able to

run simulations in 8 processors (32 cores) simultaneously. MATLAB program was used to produce the
different CTH “input files” based on the simulation matrix described above. The EOS for all materials
was selected from the SESAME tabular option from within the CTH software package allowing to
model phase changes. The material EOS identification numbers used for the simulations were 17361 for
the silica projectile, 3700 for the aluminum plate, and 2150 for the steel plate. Impact was modeled at
atmospheric pressure and room temperature. The target plates were treated as semi-infinite plate to
permit the shockwaves to move through the boundaries without the effect of wave reflections, which can
cause spall damage. The Johnson-Cook model was specified as the plasticity model. At the interface
between materials, the computational cells with multiple materials were allowed to have independent
values for temperature and pressure by using the MMP option included in CTH package. The SPY postprocessor was configured to generate contour plots that show the crater formation as a function of time.
These plots were used to estimate the final crater dimensions as shown in Chapter 5 below.
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Chapter 5: Results
5.1

Numerical Results
The depth and diameter of the crater were extracted from the SPY generated plots using the

number of pixels to get an accurate measurement. Figure 5.1 shows a typical SPY plot and demonstrates
how the crater dimensions were measured. The complete set of results is reported in appendix A for both
plate materials at all three simulated impact speeds.

Figure 5.1 Simulation crater measurement
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5.2

Johnson-Cook Model Behavior
Before analyzing the results, it is of important to study the Johnson-Cook stress as a function of

its material parameters with the 20% material parameter perturbation indicated above. This will help in
the interpretation of the crater dimension results. In figure 5.2, the stress-strain graph is plotted as a
function of material constants A, B, and C. It is readily apparent that the difference of results between
the ±20 for parameter A in steel are significantly larger than for any other parameter indicating a strong
sensitivity for this particular parameter. For aluminum the perturbation of parameter A also seems to
have a significantly lower effect than in Steel.

Figure 5.2 JC Model for Aluminum and Steel
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The dependence on constant “m” for both materials for a wide range of temperatures is
represented in figure 5.3. It can be noted that aluminum has less sensitivity in the thermal softening
exponent than steel. Also it can be seen that the sensitivity of the thermal softening exponent for steel
changes dramatically compared to the aluminum behavior. We can expect from the results a higher
dependency at higher velocities. Aluminum does not show significant sensitivity throughout the
temperature range.

JC-Plastic function for M parameter
1.00E+10

Johnson-Cook Yield Stress

9.00E+09
8.00E+09
7.00E+09
6.00E+09

M+20 AL

5.00E+09

M-20 AL

4.00E+09

M+20 ST

3.00E+09

M-20 ST

2.00E+09
1.00E+09
0.00E+00
0

500

1000

1500

2000

Temperature (K)
Figure 5.3 Variation of M parameter in JC for Aluminum and Steel

5.3

Crater Dimensions
The data compiled was normalized to the average value of penetration and radius to better

identify the parameters that have the biggest sensitivity to property variation. The average value of
penetration is represented as the vertical line at zero in the following figures. In figures 5.4 and 5.5, the
percentage deviation away from the mean value is plotted in terms of crater penetration, and crater
radius for aluminum. These graphs represent the percentage deviation away from the mean values of the
crater characteristics. The maximum and minimum crater values in the following plots illustrate the
range at which the crater diameter and depth may be within the ± 20% offset given to the parameter
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being evaluated. In the “tornado” graphs presented next, the parameters are rearranged in order of
increasing sensitivity. The blue bars and red bars correspond to the maximum and minimum values
obtained with the variation of the parameter respectively.

Aluminum- Percent deviation from
mean Crater Radius

Parameters

B

A
High

m

Low
C
-0.1

-0.05

0

0.05

Percent deviation
Figure 5.4 Aluminum Crater Radius Deviation

Figure 5.5 Aluminum Crater Penetration Deviation
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0.1

For the steel simulations the data was also plotted in the same manner, and are represented in figures 5.6,
and 5.7.

Figure 5.6 Steel Crater Radius Deviation

Steel-Percent deviation from mean
Penetration

Parameters

A
B
High

m

Low
C
-0.1

-0.05

0

0.05

0.1

Percent deviation
Figure 5.7 Steel Crater Penetration Deviation

The crater radius and penetrations have been plotted by the SPY post-processor. The crater’s radius and
penetration were measured at 4x10-6 seconds. At this time, the deformation seems to stabilize and does
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not change significantly. Most of the measurements obtained for the crater depth were very close to the
unperturbed parameter value in both aluminum and steel. It is important to notice that the initial yield
stress value for constant “A” of the JC model affected the penetration the most in the presented
sensitivity analysis. Aluminum shows a normalized deviation of up to 9% of the average penetration,
and steel a deviation of 14.3% of the average penetration. This behavior is clearly noticeable in steel,
since the JC model for the modified “A” parameter has a big gap in between the upper and lower 20%
offset previously shown in figure 5.2 In terms of crater radius, the governing parameter was the strain
hardening constant (constant “B” in JC model) with a deviation away from the mean of 9% and 8.2% for
aluminum and steel respectively. The parameter “C” (strain-rate hardening constant) of the JohnsonCook model was established to be the parameter with least contribution to both damage measurements
with a 4.3% deviation for aluminum and 4.8% for steel. The perturbation on parameter “m” (thermal
softening exponent) did not show any significant effect on penetration, but it demonstrated to be
important for the crater radius formation. Aluminum shows a mean deviation of 5.8% and steel a
deviation of 6.3%. It was expected to obtain a high dependency on the thermal softening exponent for
steel, since the JC-strength model for steel in figure 8 shows a sharp slope and increasing dependency at
higher temperatures.
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Chapter 6: Conclusions & Recommendations
6.1

Conclusion
It is concluded that for ductile materials under hypervelocity impact, the crater depth seems to be

very sensitive to variations in the initial yield stress (coefficient A from the Johnson-Cook model). For
crater diameter, it is noted that the strain hardening coefficient (B) in Johnson-Cook’s plasticity model
seems to be the most sensitive parameter. In addition, the thermal softening constant seems to be not
important on the prediction of the depth of the crater, but it does seem to have a strong influence in
crater diameter at higher velocities. It was concluded by the results presented in this thesis, that crater
dimensions are not very sensitive to the strain-rate coefficient (C).

6.2

Recommendations
As a first recommendation, the use of hydro-codes are suggested, since it can save thousands of

dollars in physical testing and produces very accurate approximations of the physical phenomena of
hypervelocity impact events. If experimental testing is necessary, it is recommended for customers in
aerospace and defense industries to allocate resources for impact testing to determine only those material
parameters that are relevant. The results of this thesis indicate that for the Johnson-Cook model the yield
stress and the strain hardening parameters are the most important. If a new material is to be tested, a
sensitivity analysis can be conducted to identify the major parameter contributing to the cratering
process.
It is recommended to expand the problem treated in this study by increasing the refinement level
and mesh cell density since this study was limited by computer resources. Also, if the study is to be
broadened, the effect of variation on the Johnson-Cook model parameters on the spallation process can
be studied.
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Appendix A

ALUMINUM-NORMALIZED
DATA PENETRATION
Velocity

A+0% A-20%
A+20%
B-20%
B+20%
C-20%
C+20%
M-20%
M+20%
4 0.049
0.049
0.048
0.049
0.048
0.049
0.048
0.049
0.049
6 0.072
0.073
0.069
0.073
0.070
0.073
0.071
0.073
0.071
10 0.097
0.099
0.097
0.097
0.097
0.097
0.097
0.097
0.097

ALUMINUM-NORMALIZED
DATA RADIUS
Velocity
4
6
10

A+0% A-20%
A+20%
B-20%
B+20%
C-20%
C+20%
M-20%
M+20%
0.050
0.051
0.050
0.051
0.049
0.051
0.050
0.051
0.050
0.062
0.064
0.061
0.062
0.061
0.062
0.061
0.061
0.061
0.086
0.087
0.081
0.087
0.080
0.084
0.084
0.088
0.083

STEEL-NORMALIZED DATA
PENETRATION
Velocity

A+0% A-20%
A+20%
B-20%
B+20%
C-20%
C+20%
M-20%
M+20%
4 0.024
0.025
0.022
0.024
0.023
0.024
0.024
0.024
0.024
6 0.035
0.037
0.032
0.036
0.034
0.035
0.035
0.036
0.035
10 0.054
0.057
0.052
0.055
0.054
0.054
0.054
0.054
0.054

STEEL-NORMALIZED DATA
RADIUS
Velocity

A+0% A-20%
A+20%
B-20%
B+20%
C-20%
C+20%
M-20%
M+20%
4 0.038
0.038
0.036
0.038
0.036
0.038
0.037
0.038
0.037
6 0.045
0.046
0.044
0.046
0.046
0.046
0.044
0.046
0.046
10 0.059
0.060
0.058
0.060
0.057
0.059
0.059
0.059
0.057
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